Fossil fuel power generation and other industrial emissions of carbon dioxide are a threat to global climate 1 , yet many economies will remain reliant on these technologies for several decades 2 . Carbon dioxide Capture and Storage (CCS) in deep geological formations provides an effective option to remove these emissions from the climate system 3 . In many regions storage reservoirs are located offshore 4, 5 , over a kilometre or more below societally important shelf seas 6 . Therefore concerns about the possibility of leakage 7, 8 and potential environmental impacts, along with economics, have contributed to delaying development of operational CCS. Here we investigate the detectability and environmental impact of leakage from a controlled sub-seabed release of CO 2 . We show that the biological impact and footprint of this small leak analogue (<1 tonne CO 2 d -1 ) is confined to a few tens of metres. Migration of CO 2 through the shallow seabed is influenced by near-surface sediment structure, and by dissolution and re-precipitation of calcium carbonate naturally present in sediments. Results reported here advance understanding of environmental sensitivity to leakage and identify appropriate monitoring strategies for full-scale carbon storage operations.
Geological carbon dioxide (CO 2 ) storage is proposed in deep, porous, sedimentary formations, 1-2 km below the seafloor, such as depleted oil and gas reservoirs or saline aquifers 3, 4 . Storage integrity is provided by impermeable layers of cap-rock 3 . Although debated, a number of mechanisms potentially facilitating leakage have been proposed, including abandoned exploratory bore-holes, geological discontinuities (e.g. fractures) and operational malfunction (blowout scenario) 9 . Here we do not address storage integrity, but focus on the likely environmental consequence of leakage, and how best to detect leakage if it were to reach the marine environment.
Research on excess CO 2 in marine systems is frequently based on laboratory experiments and studies of natural CO 2 seeps 10, 11 . However, laboratory studies omit physical, ecological and behavioural complexity, which are key in understanding and regulating impacts. Further, volcanic CO 2 seeps are compromised by impurities and atypical thermal, topographical and sedimentological properties 12 , and the initial evolution of CO 2 flow is not known. Early detection of leakage that has reached the seabed from deep CCS storage formations is crucial for assurance, and monitoring must be viable in complex hydrodynamic environments. Consequently, we conducted a shallow controlled sub-seabed CO 2 release in order to replicate small-scale, but realistic, leakage that has migrated into the near sea-bed environment. A borehole was drilled from shore, to a depth of 11 m beneath the seafloor, in 12 m of water and 350 m offshore ( Supplementary Fig. 1 ). A total of 4.2 tonnes of CO 2 were injected into the overlying unconsolidated sediments, over a 37 day period, during which flow was increased from 10 to 210 kg d -1 . The temporal and spatial migration and impact of this CO 2 release was assessed using a variety of acoustic, chemical and biological techniques, before, during and after release at both control and exposed sites. (See methods section, Supplementary Table 1) . The experimental results are directly applicable to the majority of global offshore storage sites 3 , which are planned for shelf seas with water depths up to 200 m. CO 2 phase chemistry and benthic biogeochemical processes are consistent across this depth interval.
The physical movement of the injected CO 2 through the seabed was clearly imaged (Fig. 1) . Within hours of commencing CO 2 injection, small gas bubble plumes were observed at the seafloor. Seismic imaging of the sediments revealed a layered structure consisting of 8m of fine laminated mud, overlain by 2 m of fine silty-sand with 1-2 m of coarse-grained sand and gravel forming the seabed (Fig. 1 a, inset) . Repeated seismic reflection surveys showed that during the first 13 days of release, with CO 2 injection between 10 and 80 kg d -1 , most CO 2 was confined to a vertical gas 'chimney' in the lower laminated mud, (Fig. 1a) . Within these muds, fracture propagation, or reactivation of pre-existing fractures is inevitable and rapid once a critical pressure is exceeded. This is dependent on sediment cohesiveness, injection rate and cumulative gas flux 13, 14, 15 . Thus, chimneys are interpreted to represent a laterally restricted (i.e. 5-10 m wide) network of interconnected fractures (Fig. 1c) . The change in grain size from mud to overlying silt and sand caused a step-change from a fracture-dominated flow regime to one dominated by capillary invasion 15 and fluidisation with lower permeability. This is evidenced by the observed accumulation and lateral spread of gas at the top of the laminated mud layer (Fig. 1c, green outline) . The absence of reflectance signals in the upper layers during early stages of the release is consistent with slow diffusion of gas. The initial flow of CO 2 into the water column is restricted and thought to occur through pre-existent micro fractures, beyond the resolution of seismic imaging. The increased injection rate (210 kg d -1 ) applied during the second half of the experiment permits gas to fracture the silty sand layer (Fig. 1b) , and permeate through the seabed's coarse-grained sand and gravels, consistent with chimneys extending from the injection point to the seafloor. Consequently sub-surface flow becomes more spatially focussed with time as the flow rate increases, (Fig. 1c, pink outline) .
Rapid dissolution of gaseous CO 2 into seawater significantly increases bottom water CO 2 partial pressure close to the injection site, with values varying between 380-1500 µatm, depending on the state of the tide and injection rate, compared to background values of 360-370 µatm (Fig.  2b) . The flux of gaseous CO 2 across the seafloor was determined directly by divers collecting bubbles from each bubble stream, and estimated by acoustic inversion of hydrophone data 16 . On Day 33 direct measurements yielded an estimated total CO 2 flow of 31.8 kg d -1 ( Fig. 2c ). At this time the input into the system was 210 kg d -1 , hence only ~15 % of total CO 2 was being emitted in a gaseous phase across the sediment-water interface. Gaseous CO 2 flow rates estimated from acoustic inversion (Fig. 2c ,) varied significantly with tidally induced changes in hydrostatic pressure ( Fig. 2a ), agreeing well with observations from time-lapse photography and pCO 2 data (Fig. 2b) , and with flow determined by diver measurement. The 24 hour rolling average acoustically inferred gas flux responds consistently to the increased injection rate on Day 31 ( Fig. 2c ) and suggests that outgassing of 15% of the total injected CO 2 was representative of the entire release phase.
The chemical response in the sediment pore waters was complex. CO 2 -induced chemical changes in the biotic upper 25 cm of pore waters were not observed until the last week of the CO 2 injection period, and persisted for a maximum of two weeks after the release was stopped. During this period, dissolved inorganic carbon (DIC, dissolved CO 2 and associated inorganic carbon species) increased by a factor of ten from typical values of 2.6 mmol kg -1 to 29.3 mmol kg -1 approximately 20 cm below the sediment surface (Fig. 3a) . Coincident increased concentrations of pore water alkalinity and calcium ions (Ca 2+ ) ( Fig. 3b-c ) indicate that the injected CO 2 that dissolves promotes rapid dissolution of calcium carbonate (CaCO 3 ), naturally present in the sediments. In corroboration of this, pore water acidity (pH) initially drops slightly from 7.7 to 7.5, and then increases to 7.8 just after the injection was stopped (Fig. 3e) , indicating that the rise in DIC was buffered by the carbonate dissolution. Carbon isotopic composition of pore water DIC at the release epicentre ( 13 C DIC = ~-20‰) was significantly lower than background pore water (~ -2‰), which confirms that changes in pore water carbonate chemistry were caused by the injected CO 2 (δ 13 C = -26.6‰, Fig. 3d ). All pore water carbonate chemistry parameters, including 13 C DIC , returned to background values within 17 days of ceasing the CO 2 injection, likely due to a combination of re-precipitation 17 of CaCO 3 , physical and biological pore water advection 18, 19 or sinking of slightly dense CO 2 -rich pore water 20 
.
Although changes in concentrations of pore water DIC and Ca 2+ in response to CO 2 were observed from 2-25 cm-depth in the sediments, concentrations remained near background values in the top 2 centimetres of sediment throughout the experiment (Fig. 3a, c) and benthic chamber measurements of DIC fluxes across the seafloor showed no change from normal values 21 ( Supplementary Fig. 2 ). Hence we conclude that the portion of injected CO 2 that does not escape from the sediments in the gas phase (i.e. ~85%) was retained within the sediments for the duration of the experiment. Although some of this was observable as free-gas via acoustic imaging (Fig. 1) , the high solubility of CO 2 would suggest that much of the injected gas was rapidly dissolved in sediment pore waters.
As high CO 2 is known to impact many biological processes 22 we investigated the degree to which chemical changes from leakage might impact biological systems, in and around the seabed. Seabed communities naturally change, sometimes significantly, throughout the seasonal cycle (Fig.  4, black lines) . Impact is indicated not by change per se, but by deviations from well-established normal cycles. No biological effect was detected during the initial stages of the release, consistent with the lack of a chemical signal in the superficial sediments. However, towards the end of the release and in the initial days of the recovery period, the change in benthic macrofauna community structure at the leak epicentre (Fig. 4, red lines) was significantly different to that observed at the other, un-impacted sites. Intermittently the high CO 2 plume in the water column was advected 25 m from the epicentre due to tidal circulation, inducing transitory changes in carbonate chemistry. Here bacterial gene expression in the top 1 cm of sediment responded similarly to that at the leakage epicentre ( Supplementary Fig. 3 ), indicating a rapid sensitivity of the active bacterial community. No other CO 2 impact was recorded away from the release epicentre at any stage. The dominant biological variability at both release and control sites was the normal seasonal dynamic, at the end of the sampling period no significant difference between impacted and non-impacted communities was apparent in the macrofauna (Fig. 4c ), although differences in the gene expression of microbial populations persisted for at least 90 days ( Supplementary Fig. 3 ).
Our work demonstrates that biological effects from a small short term leak are detectable, but not catastrophic and that recovery is measurable in days to weeks. The restricted vertical and horizontal effect of our small-scale leak is not without parallel. The effects of natural seepage of methane into the water column from cold seeps such as pockmarks and mud volcanoes on continental margins is restricted to a narrow zone that only extends a few metres from the seep epicentre 23, 24 . The distribution of bacterial communities and macrofauna at these seeps is principally controlled by the rate of fluid flow 25, 26 , and the bacterial communities respond rapidly to changes in environmental conditions 27 .
We caution that impacts are likely to increase step-wise if a greater proportion of CO 2 is emitted in the gaseous phase, either through fractures or as pore waters become super-saturated, or if the carbonate buffering capacity of the sediments is limited or becomes exhausted. Without operational evidence, realistic leakage scenarios can only be approximated. Based on natural gas seepage and offshore drilling, estimates range from ~20 tonnes per annum (half the experimental release rate) for seepage via abandoned wells to short-term leakage of 50 kilotonnes per day for highly unlikely blowout scenarios 9 . Modelling derived estimates of the footprint of biologically harmful plumes of CO 2 indicate that high end scenarios may impact a few kilometres radius 28 whilst lower end scenarios, consistent with this experiment, will impact only some metres in radius 29 . For all leakage scenarios so far examined, models indicate that hydrodynamic mixing would disperse harmful concentrations of CO 2 within hours to weeks, facilitating recovery as excess CO 2 is not accumulated in biological tissues unlike most toxic substances. Siting storage below restricted exchange environments, where dispersion is limited, could lead to significant build-up of CO 2 charged water 12 and should be avoided.
Monitoring the large volume of seawater overlying a geological storage complex will be challenging. We show that low levels of leakage dominated by dissolution and subsequent transport of CO 2 by diffusion may be hard to detect and quantify, due to carbonate buffering. Small seabed pockmarks are an early indication of leakage, but these features can be difficult to distinguish from natural biogenic structures. Bubble streams, when present, are easily recorded, but we observed that these are sensitive to hydrostatic pressure and may represent a fraction of released CO 2 . Although seismic and chemical signals over an established leakage locus will be distinct, given the restricted horizontal and vertical footprint of leakage, spatial coverage and the ability to measure signals near the seabed will be paramount for monitoring. Furthermore, natural biologically and physically driven variability of CO 2 in marine systems 30 and sediment heterogeneity may render detection of signals at small distances from leakage loci hard to discriminate, unless a rigorous baseline is established.
We suggest that the optimal monitoring strategy for storage locations should use mobile autonomous underwater vehicles equipped with chemical (for dissolved phase) and acoustic (for gas bubbles) sensors with a horizontal spatial sampling resolution approaching 10 metres, deployed close to the seafloor. Such a multi-sensor approach, supported by analysis against a well constrained baseline will maximise the chance of detecting the preliminary stages of a small leakage. Should specific higher risk, spatially restricted, leakage sites be identified, a network of permanently deployed long-term stable online sensors and hydrophones may provide the most effective monitoring tools for early leak detection. Once a suspected leak is detected, alternative techniques should be implemented to corroborate the source (e.g. by sensors and isotopic signature); to quantify fluxes of CO 2 (e.g. by acoustic inversion for gas and sediment-pore water incubations for dissolved phase) and to assess associated impacts (e.g. by biological sampling). Baseline studies therefore need to encompass sediment structure and carbonate content, natural seeps, the acoustic background, CO 2 chemistry and biological community structure within the context of seasonal and spatial heterogeneity.
We do not address the robustness of deep geological storage in this work, but provide an insight into the processes that occur if leaked CO 2 were to reach the shallow unconsolidated sediments immediately underlying the seabed. This emerging understanding synthesising dispersion, impact and recovery suggests that small scale leakage from CCS, should it reach the seafloor, is highly unlikely to have a regionally significant environmental impact. Whilst monitoring may be challenging, it is tractable given a multivariate approach, supported by appropriate baseline studies.
Methods
The experiment site, located on the west coast of Scotland ( Supplementary Fig. 1, inset) , fulfilled multiple criteria including access and logistics, regulatory release permissions, local approval, suitable seabed geology and sediments with diverse fauna typical of regional shelf seas. Extensive high-resolution seismic reflection profiling and sediment core sampling were instrumental in site selection and subsequently fully characterized the site for drilling operations. A 350 metrelong borehole, subsequently lined with stainless steel pipe was drilled through quartzite bedrock using a directional drilling rig, avoiding glacial till deposits and natural accumulations of biogenic gas, with the final ten metres terminating horizontally into unconsolidated sediments ( Supplementary  Fig. 1 ). The borehole terminated in a five metre long diffuser with multiple perforations of 0.5 mm diameter, to ensure diffuse flow of gas into the surrounding sediments. The diffuser was positioned 11 m below the seabed and beneath a further 10 to 12 metres of water, dependent on tide height. The land-based facilities comprised CO 2 cylinders; connected by manifolds, regulated by a highprecision mass-flow controller, logging at 12 second periodicity. Initial injection was commenced at 10 kg CO 2 d -1 to avoid hydraulic fracturing, increasing to 210 kg CO 2 d -1 to achieve a realistic flux and biogeochemically significant signal at the seabed. The total injection amounted to 4.2 tonnes over a 37 day period.
Surveying used a combination of boat-towed instrumentation; diver-mediated sampling and semi-permanently deployed instrumentation on the sea floor. Sampling was undertaken at four bathymetrically and ecologically similar zones (Zone 1: Epicentre, Zone 2: 25 m distant, Zone 3: 75 m distant, Zone 4: 450 m distant acting as a control, Supplementary Fig. 1 ). The sites were investigated immediately prior to the start of CO 2 release; during the 37 day release period; and over one year after termination of the release (Supplementary Table 1 ).
High-resolution seismic reflection data comprised 194 Boomer and Chirp profiles, covering an area of 600 by 400 metres centered above the diffuser location, with a 5-10 metre line separation. A calibrated hydrophone was deployed close to the diffuser to record the acoustic signature of gas bubbles emitted from the seabed within the water column. CO 2 fluxes across the sediment-water interface were quantified by direct diver collection, a passive acoustic inversion technique 16 based on hydrophone data and benthic chambers for quantifying dissolved inorganic carbon (DIC) flux. The partial pressure of CO 2 in the water column was monitored by a calibrated pCO 2 ISFET electrode 31 moored at five centimetre height above the seabed at the centre of the release site.
Sediment samples for pore water biogeochemistry analysis, including DIC, total alkalinity (TA), pH, isotopic composition (δ 13 C DIC ), Ca 2+ and biological samples, were manually collected in shallow cores by divers. At each Zone and time-point five replicate cores were analysed for microbial, and macro-faunal populations. Fauna were analysed to the lowest taxonomic level possible. Microbial RNA was extracted and analysed using terminal restriction fragment length polymorphism; a molecular biology technique commonly used to profile microbial communities, based on the position of a restriction site closest to a labeled end of the 16S rRNA gene.
This study uses a nonparametric multivariate approach, multi-dimensional scaling (MDS) which characterises and compares faunal samples based on the identity and abundance of macrofaunal species (Fig. 4) or microbial 16S rRNA gene T-RF (terminal restriction fragment) relative abundances (Supplementary fig. 3 ). Ordinations are derived from Bray Curtis similarity matrices using a MDS technique 32, 33 . The Bray-Curtis measure ignores joint absences and focuses on presences and is the most commonly used similarity matrix for biological community analyses. An MDS ordination is essentially a map of samples in which the distance between any two samples is a reflection of their relative similarity to each other based on the whole community composition.
Thus, samples positioned closely to each other are very similar in community composition, and points that are further apart are less similar in their composition. The goodness of fit of the ordination (given that a multi-dimensional distribution is compressed to a two-dimensional one) is indicated by a stress value. Values below 0.2 imply that the ordinations may be sensibly interpreted. As this technique is based on the rank order in the similarity matrix, it is only the relative distance apart of the symbols that matters, the scale and axis being arbitrary.
An animation of the experimental procedure and video footage of seafloor bubble streams and instrumentation can be seen at www.qics.co.uk. Supplementary Table 1 summarises the sampling regime and further details are given in the supplementary text.
All correspondence and requests for materials should be addressed to J Blackford (jcb@pml.ac.uk). The data images a bright spot beneath the fine sand layer. This is interpreted as free gas being trapped beneath the unconformity (U), and no gas is imaged in the water column. b) Day 34. Enhanced reflectivity above the diffuser, and acoustic turbidity from the diffuser to the seabed and into the water column are interpreted as free gas. c) Plan view multibeam image of CO 2 leakage at the seabed on Day 34. Gas emitting pockmarks (white circles) sit within the area of the chimneys imaged by seismic reflection data on day 13 (green dashes) and day 34 (pink dashes). The sub-surface flow became more spatially focussed with time as the flow rates were increased. The locations of the hydrophone (orange triangle) and pCO 2 instruments (yellow circle, data shown in Fig. 2 ) are indicated. (See also Supplementary Fig. 1 ). In a multi-dimensional scaling (MDS) plot, similar biological communities in terms of biodiversity and abundance (represented by dates) appear close together and parallel trajectories (arrows) represent comparable changes. Dissimilarity is represented by greater spatial separation or diverse trajectories. a) During the initial stages of leakage, until 30-May community development is similar at both impacted and reference sites, however in the later stages of the injection, significant divergence is apparent. b) During the initial stages of recovery, until 28-June both impacted and non-impacted communities show similar trajectories, but remain dissimilar in make-up. c) In the later stages of recovery convergence between all communities is apparent. The generation of MDS plots is detailed further in the methods section, the reference data represents an average of the three separate non-impacted sites.
